In this paper we show that single-photon avalanche detectors (SPADs) may have a strong potential as very sensitive on-wafer tools for lifetime monitoring, given their simple fabrication process and their straightforward use in the measurements. We have fabricated Si SPADs with n + -p structures and we show that dark counting has a simple exponential dependence on time, thus making it possible to extract a single lifetime parameter.
Introduction
The mechanism responsible for the breakdown of a p-n junction involves many phenomena. Their characteristic behaviour is often exploited in electronics: a well known example is the use of p-n junction breakdown as a voltage reference. Some applications originate from the fact that the breakdown current is not only related to the bias across the junction, but also to the availability of free carriers in the depletion layer. For p-n junctions subjected to avalanche breakdown, when the reverse bias is raised a few Volts above the breakdown voltage (BV), even a single carrier is able to trigger the avalanche process, leading to an easily measurable current pulse. Therefore if an electron-hole (e-h) pair is produced in the depleted zone as a consequence of a photon absorption, the resulting current pulse can be used to detect the arrival time of the photon. In this case, the detection quantum efficiency can be close to 100 % and the device may work as a Single Photon Avalanche Detector (SPAD) [1] - [2] . In absence of light, the only source of carriers is either the diffusion current by the quasi neutral regions, or the generation of an electron or a hole from traps in the depletion layer.
If the diffusion current measured in dark conditions is negligible with respect to the generation current, i.e.:
then the device may be used as a probe for investigating the generation phenomena in the depletion region.
Aim of this work is to propose a technique to characterise the quality of the semiconductor, by exploiting the above mentioned principle.
Device fabrication
The complete structure of the fabricated SPADs is shown in Fig. 1 . The process starts with an n -float zone substrate on which we grow a boron-doped double epitaxial layer. The bottom layer is 1µm-thick, with a doping of 3⋅10 17 cm -3 , while the top layer is 8µm with a doping of 2⋅10 15 cm -3 . The next step is to form the enrichment zone, made by a boron implantation (40keV, 5⋅10 12 cm -2 ) giving a peak acceptor concentration of 6⋅10 16 cm -3 . In order to guarantee that the breakdown is not caused by curvature effects, we then deposit and slightly diffuse a polysilicon layer within a window larger than the enrichment zone. In this way the edge of the n + layer, that has a high radius of curvature, stays within the low-doped p layer. Thus, the breakdown voltage in the periphery will be much higher than in the center; therefore, the breakdown will occur only in the enrichment, i.e. in the central part of the device. Moreover the peak concentration of the enrichment is appropriate to avoid Zener breakdown at room temperature.
Electrical Measurements
In order to understand whether measurements performed above the breakdown voltage could provide information about defects, we first tried to determine the defect density in the diode with classical techniques. We measured the forward characteristics of our device at temperatures ranging from 100K up to 300K. It turned out that the diode is ideal above 200K, while below this temperature the forward current is dominated, at low bias, by recombination in the depleted area. In a second set of measurements, the leakage current at fixed reverse bias was measured, by scanning the temperature from 300K to 430K with a rate of 0.1K/s. Figure 2 shows the Arrhenius plot of the leakage current measured at 10V reverse bias [3] . From a straightforward analysis, it results that the generation current dominates the diffusion one below 360K. By using the following expression:
to fit the experimental data, we obtain N T =1⋅10 13 cm -3 and E T =0.57eV (Fig. 3) . We now describe the method that we used to extract information from the measurements performed above breakdown. As shown in Fig. 4 , our device is biased with a square waveform with a high level above BV and a low level below BV. By selecting an appropriate frequency and duty cycle, it is possible to measure the delay time ∆t between the leading edge of the bias and the avalanche current build-up.
As we mentioned in the introduction, the avalanche in the dark can be triggered either by diffusion or current currents. In our case it is easy to estimate that the avalanche is triggered by generation from defects below 360 K. If we collect and plot an histogram of these delays we find out that, in a very large range of bias and temperature values, the frequency distribution of delays follows very well an exponential behaviour. In Fig. 5 we plot on a semilogarithmic scale a typical example of the distribution of delays vs. time. Note the very clear exponential behaviour characterised by a single time constant. This is a very general behaviour that has been verified in all of the investigated devices.
Therefore, by using this measurement technique it seems possible to extract a single time constant, which may be a good candidate for characterising the generation phenomena in the material. We expect that the decay time should give us the characteristic properties of our defects. At the moment we are developing a model to fit the data with the defect properties that we found with standard methods.
3
Conclusions A new method for characterising silicon defects' properties has been explored. To this purpose we have fabricated p-n junctions that, when biased above breakdown, are very sensitive to the emission of carriers from defects. As shown above, this technique would be fast and not destructive, thus viable for industrial processes. In conclusion we have shown that is possible to extract a single parameter, the decay time. At the moment we are investigating the relation between the decay time and density and energy position of defects. 
